[1] Stimulated sulfate-reduction is a bioremediation technique utilized for the sequestration of heavy metals in the subsurface.We performed laboratory column experiments to investigate the geoelectrical response of iron sulfide transformations by Desulfo vibriovulgaris. Two geoelectrical methods,(1)spectral induced polarization (SIP), and (2) electrodic potential measurements, were investigated. Aqueous geochemistry (sulfate, lactate, sulfide, and acetate), observations of precipitates (identified from electron microscopy as iron sulfide), and electrodic potentials on bisulfideion (HS) sensitive silver-silver chloride (Ag-AgCl) electrodes (630 mV) were diagnostic of induced transitions between an aerobic iron sulfide forming conditions and aerobic conditions promoting iron sulfide dissolution. The SIP data showed 10m rad anomalies during iron sulfide mineralization accompanying microbial activity under an anaerobic transition. These anomalies disappeared during iron sulfide dissolution under the subsequent aerobic transition. SIP model parameters based on a Cole-Cole relaxation model of the polarization at the mineralfluid interface were converted to (1) estimated biomineral surface area to pore volume (Sp), and (2) an equivalent polarizable sphere diameter (d) controlling the relaxation time. The temporal variation in these model parameters is consistent with filling and emptying of pores by iron sulfide biofilms, as the system transitions between anaerobic (pore filling) and aerobic (pore emptying) conditions. The results suggest that combined SIP and electrodic potential measurements might be used to monitor spatiotemporal variability in microbial iron sulfide transformations in the field.
Introduction
[2] Soil and groundwater contamination by acid-mine drainage, industrial sources, and government nuclear weapon programs pose threats to human health and the environ-ment. Such anthropogenic activities may deliver into the environment a variety of substances of significant toxicity, carcinogenicity and potential for bioaccumulation in living systems. Microbial driven remediation (bio-remediation) has attracted interest in recent years as an effective cleanup technology [Rittle et al., 1995; Schultze-Lametal., 1996; Drury, 1999; Ehrlich, 1999; Drzyzga et al., 2002] . Biore-mediation techniques can offer an efficient, safe and cost effective option for the removal of hazardous pollutants without production of hazardous byproducts [Providentietal., 1993; Ward et al., 2003] . However, observational methods that enable realtime,spatially accurate monitoring and assessment of biological processes at the field scale are lacking.
[3] One successful remediation strategy involves common soilborne microorganisms, such as Desulfo vibriovulgaris (D.vulgaris) studied here, to mineralize toxic metals in solution [Lovley et al., 1993; Anderson et al., 2003] . Williams et al. [2005] and Ntarlagiannis et al. [2005] showed that electrical and acoustic geophysical methods are sensitive to the formation of insoluble precipitates, or biominerals often associated with such remediation strategies. They suggested that geophysical techniques could be employed to monitor such bioremediation strategies in situ. Others have demonstrated the potential of geophysics to elucidate system transformations occurring during bioremediation of hydrocarbon contaminants [Atekwana et al., 2000 . Werkema et al. [2003] showed that zones of microbial degradation coincided with elevated soil electrical conductivity whereas Abdel Aal et al. [2004] showed that microbial activity enhances the low-frequency polarizability of soils. Others have shown how natural electrical signals are diagnostic of microbialgenerated redox fronts in landfills [Naudet et al., 2003 [Naudet et al., , 2004 and hydrocarbon contaminated sites [Minsley et al., 2007] .
[4] Here we report on the biogeophysical signatures associated with microbial-driven iron sulfide transformations. The experiment extends the work of and Williams et al. [2005] by (1) inducing iron sulfide biomineral transformations across both anaerobic and aerobic transitions; (2) examining spatial variability in the biogeophysical response in relation to variable rates of biomineralization within a column; and (3) modeling the geoelectrical signals resulting from biomineral-induced changes in terms of geometrical properties of the pore space. We employ both the spectral induced polarization (SIP) method, which is sensitive to biomineral formation Williams et al., 2005] and a variant of an electrodic potential measurement that uses a pair of Ag-AgCl electrodes whereby both electrodes are in direct contact with the column fluid [Williams et al., 2007] . These electrodic measurements are sensitive to the concentration of dissolved sulfide [Berner, 1963] . We discuss the relative sensitivity of electrodic potential and SIP measurements to microbial-induced iron sulfide mineralization, the stability of iron sulfide biominerals to aerated conditions, differences in the geophysical signatures between anaerobic and aerobic transitions, and the significance of modeled SIP parameters in terms of biomineral-induced changes in porescale geometric parameters.
Spectral Induced Polarization
[5] The SIP method measures the frequency-dependent electrical response of soils at frequencies <1 KHz. The method was developed primarily for locating disseminated metallic ores [Marshall and Madden, 1959; Sumner, 1976] , but has more recently been used for environmental applications [Ward et al., 1995; Slater and Lesmes, 2002] , such as the characterization of metal containing soils Slater et al., 2005; Wu et al., 2005; Slater and Binley, 2006; Wu et al., 2006; Mansoor and Slater, 2007] . In the SIP method the impedance magnitude and phase shift f of the sample are recorded relative to a reference resistor following current injection (typically a swept sine wave) [e.g., Slater and Lesmes, 2002] . The measured magnitude and phase can be converted into a measured complex conductivity (s*), complex resistivity (r*) or complex dielectric permittivity (e*) if the geometric factor defining the measurement geometry and the resulting current flow path are considered known. Here we represent the measured data in terms of measured resistivity (jrj) and f,
where single superscript represents the real part (an energy loss term), and double superscript represents the imaginary part (polarization or energy storage term) of r*.
[6] At the low frequencies measured with SIP (<1 kHz), energy loss via ionic and electronic conduction dominates. Ionic conduction results from electrolytic conduction in the fluid-filled interconnected pore space [Archie, 1942] as well from surface conduction via the formation of an electrical double layer (EDL) at the grain-fluid interface [e.g., Glover, 1997, 1998 ]. Electronic conduction results when metallic minerals form continuous conductive pathways. In the SIP frequency range the energy storage results primarily from the polarization of the ions in the EDL at the mineral-fluid interface. The magnitude of this polarization scales with the surface area to pore volume (S p ) whereas the time constant (t) describing the length-scale of the relaxation is recognized as a function of the pore or grain size characteristics of soils [e.g., Olhoeft, 1985; Chelidze and Gueguen, 1999] , which is consistent with electrochemical theory for colloidal suspensions [Schwarz, 1962] . Wong [1979] , in constructing a theoretical model, attributed the polarization in metallic soils when the metal is less than 10% of the soil volume to 1) diffusion of redox active and inactive ions predominantly perpendicular to the metal surface under an applied electric field, and 2) an electrochemical mechanism associated with redox active ions facilitating transport of charge between ionic and electronic conduction. However, this eight-parameter theoretical model requires the definition of electrochemical parameters that are typically poorly determined.
[7] Given the lack of easily applied theoretical models to adequately describe the SIP response of natural soils, phenomenological formulations, such as the Cole-Cole relaxation model, are often applied [Pelton et al., 1978 [Pelton et al., , 1983 Binley et al., 2005; . One form of the Cole-Cole model commonly used in geophysical exploration is,
where r 0 is the dc resistivity (inverse of dc ohmic conductivity), m is the chargeability, t is the characteristic time constant, c is a shape parameter (typically between 0.2 and 0.7 in unconsolidated soils) and i = ffiffiffiffiffiffi ffi À1 p [Pelton et al., 1978] .
Electrodic Potential Measurements
[8] Metallic electrodes are routinely used to measure redox potential (eH) and pH, whereby the potential difference between the electrode in contact with the solution and a reference electrode connected to the solution by a salt bridge is recorded. Such electrodic measurements have been performed to track microbial mediated chemical changes in marine sediments [Zobell, 1946; Emery and Rittenberg, 1952; Baas-Becking et al., 1960] and have increasingly been applied in the analysis of sulfide compounds [Berner, 1963; Whitfield, 1971; Luther et al., 2001] .
[9] In this paper, we apply the electrodic potential approach as a simple, direct contact method to capture spatiotemporal variations in aqueous sulfide concentrations resulting from sulfate reduction by D. vulgaris within an experimental column. The method is based on the well-2 of 13 known reactivity of Ag-AgCl electrodes and HS À ions in anaerobic environments [Berner, 1963] . Williams et al. [2007] used a pair of Ag-AgCl electrodes to record a galvanic cell (GC) potential that exists when the electrodes straddle a gradient in bisulfide ion (HS À ) concentration. Oxidation of the Ag-AgCl anode results from a half-cell reaction in the presence of elevated HS À concentrations (relative to cathode), while reduction of the AgCl electrode coating occurs at the cathode. The anode effectively becomes an Ag-Ag 2 S electrode (equation (4) below). When connected between these electrodes a voltmeter records an open circuit potential caused by the difference in HS À concentration at the local fluid-electrode interface between the two electrode locations. This open circuit potential is a measure of the tendency of a spontaneous reaction between these electrodes to proceed (significant current flow does not occur due to the high input impedance of the voltmeter). The open circuit potential between the Ag-AgCl electrode pair increases with an increase in the HS À concentration difference between the two electrodes [Williams et al., 2007] . The equations describing the two reactions are,
Materials and Methods
[10] We performed a two phase column experiment under (1) anaerobic conditions (an atmosphere of 95% N 2 and 5% H 2 ) to investigate the geoelectrical responses associated with iron sulfide mineralization during stimulated sulfatereduction by a pure culture of D. vulgaris, followed by (2) aerobic conditions to investigate the subsequent response associated with iron sulfide dissolution. The experiment design is schematically illustrated in Figure 1 . The anaerobic transition and anaerobic phase of the experiment were conducted in an anaerobic chamber whereas the subsequent aerobic transition was initiated by opening the anaerobic chamber to the atmosphere, thereby promoting possible oxidation of both sulfide and Fe 2+ by oxygen. We define three primary system states to aid interpretation of the data: (1) the anaerobic transition (t = 1-24 d), (2) the anaerobic phase (t = 25-36 d), and (3) the aerobic transition (t = 37 -55 d) primarily based on the mineralization efficiency of D. vulgaris.
[11] Prior to the experiment, the ability of D. vulgaris to reduce sulfate and induce iron sulfide precipitation was tested by injecting 1 to 2 mL of a microbial solution in several tubes containing different dilutions (10% À100%) of an enriched version of a growth medium. This growth medium was known to support the growth of D. vulgaris and resembled metal and sulfate contaminated groundwater amended with a source of organic carbon . The primary constituents of the medium were: lactate 4 mM, sulfate 4 mM (80% Na 2 SO 4 and 20% MgSO 4 ), and FeSO 4 125 mM as Fe(II) source. For the anaerobic phase of the experiment, this solution was made anoxic and sterile by boiling and then cooling under N 2 gas before being autoclaved. It was kept open to ambient air (through a 0.45 mm filter) during the later aerobic phase, allowing O 2 to diffuse into the column to facilitate the development of aerated conditions. Sulfate reduction was observed at all dilutions tested. The microbially induced iron sulfide precipitation can be described as a two-step chemical reaction process initiated by the activity of D. vulgaris, utilizing lactate as an electron donor and sulfate as an electron acceptor under anaerobic conditions:
[12] All inoculated tubes showed visible black precipitates in $5 d, whereas no changes were observed for control tubes in which no cells were injected.
[13] Two experimental columns (EC1 and EC2) were constructed with an inner diameter of 3.17 cm and a length of 20.3 cm, each accommodating six Ag-AgCl electrodes housed in electrolyte-filled ports attached along one column side ( Figure 1) . As is also shown in the figure, three fluid sampling ports were emplaced on opposite sides of the columns. Two Ag-AgCl coiled electrodes (C1 and C2) were attached at the ends of the columns to enable injection of a one-dimensional current through the column (note that these also served as electrodic potential electrodes) (Figure 1 ). Columns were dry-packed with silica sand (99.8% SiO 2 ; d 50 = 0.3 mm; average porosity = 37.2 ± 1%) and gentle tapping was performed to minimize grain sorting. This sand was previously chemically treated to remove organic traces [Bartlett et al., 1937] , and iron oxide impurities by using a mixture of sodium citrate (44 g), sodium bicarbonate (42 g), sodium dithionite (20 g), 500 mL of deionized water (DIW), and sodium chloride (added until saturation) [Mehra and Jackson, 1960] . The treated sand was rinsed several times with DIW, dried at 90°C, and autoclaved. Saturated, sandpacked columns were flushed with sterile N 2 gas to remove entrapped air bubbles. To minimize contamination all materials used during the experiment were sterilized following common sterilization protocols. Experiment materials (fluids, sand matrix, tubing) were autoclaved, with PVC column parts that were not autoclavable sterilized in ethanol (>95%).
[14] The columns were then placed in a horizontal position. The growth medium entered the column through a dedicated port at the column center and exited it through ports on both column ends (Figure 1 ). This configuration was preferred over vertical column configuration having an inflow at one end because such a setup previously resulted in biomineralization occurring primarily at the column end containing the inflow, which complicated SIP interpretation . In contrast, the configuration employed here ensured that the biomineralization occurred within the support volume of the SIP measurement (defined by the distance between Ag-AgCl Electrodes 1 -6). We assume complete pore cycling during early experiment time but recognize the possibility of flow-bypassing of dead end zones as a result of heterogeneous biomineral formation.
[15] To provide a geochemical/geophysical baseline, we first flushed columns with the anaerobic growth medium over a period of 5 d, with samples collected daily at the inflow and the middle ports and geophysical measurements performed daily. Cells of D. vulgaris were subsequently inoculated into the experimental columns from the middle sampling port (between electrodes 3 and 4) utilizing a sterile syringe on Day 5 (Figure 1 ). Fluid flow was halted for 24 h after inoculation, to allow time for cells to colonize the column and minimize unwanted flushing of cells from the column. The growth medium was then supplied continuously (as a flow-through with no recirculation) for the experiment duration. A multichannel peristaltic pump was used to maintain a steady flow rate of $2 pore volumes per day ($40 cm per day), chosen to replicate realistic flow rates in unconsolidated aquifers [Bear, 1972] .
[16] Pore water samples for analysis of aqueous geochemistry were extracted by sterile syringe (new syringe on each occasion) at three sampling ports equipped with reusable septa (a standard aqueous geochemistry rubber stopper designed to be repeatedly pierced by syringe needle to allow fluid extraction) and equally spaced along the column, every 1 -2 d following inoculation (Figure 1 ). We measured eH, pH, fluid conductivity, lactate, sulfate, acetate and sulfide concentration. Conductivity, pH and eH were measured immediately after sample collection with bench top conductivity (Orion 135A, measurement range: 1 mS/cm to 200 mS/cm with an accuracy ±0.5%), pH (Hamilton Slimtrode; 3 point calibration > 99%), and eH (MI-800 -413; eH of the standard quinhydrone solutions: ±20 mV) probes, respectively. All probes were calibrated prior to each set of measurements using standard solutions. Additional samples were filtered and kept frozen until ion chromatography (IC) analysis was performed for lactate, acetate, and sulfate concentration (estimated maximum error of ±3.5 ppm based on standard deviation of triplicate measurements). A hydrogen sulfide test kit (HACH model HS-WR) with a stated accuracy of ±10% was used to record aqueous sulfide while making efforts to minimize errors that may occur from sulfide volatilization by immediate sampling and measurement.
[17] Column EC2 was terminated near the end of the anaerobic transition (Day 21) of the experiment to test a scanning electron microscopy (SEM) sampling method for preserving biominerals. Destructive analysis of EC1 was then performed upon completion of the experiment (Day 55) to examine biofilm formation and mineral transformations utilizing SEM equipped with backscattered and secondary electron detectors (energy dispersive X-ray spectroscopy or EDX). A similar method to that of Vandevivere and Baveye [1992] was used to collect the SEM samples in a manner that would help preserve biominerals. Samples were immersed overnight in 2.5% glutaraldehyde in phosphate buffer solution, rinsed for 4 h in phosphate buffer, dehydrated through an ascending series of ethanol-water mixtures (10%, 25%, 50%, 75%, 90%, and subsequently in triplicate in 100% solution for 1 h each), and finally dried in ambient air. Measurements of the long and short dimensions were performed on three separate biominerals captured in the SEM images, providing both an estimate of the average biomineral dimensions and an estimate of the standard deviation of these estimates.
[18] A two-channel dynamic signal analyzer (DSA) (National Instruments (NI)-4551) was used to perform SIP measurements between 0.1 and 1000 Hz at 40 equal (in logarithmic space) intervals [Slater and Lesmes, 2002] . We utilized a four-electrode configuration in which the two coiled Ag-AgCl electrodes located at either end cap of the column were used for current injection. The resulting potential was recorded for three pairs of adjacent measurement electrodes (1 -2, 3 -4, and 5 -6) located along the column edge (Figure 1 ). Phase shift (f) and resistivity magnitude (jrj) were determined relative to a high precision resistor on channel 1.
[19] Electrodic potential measurements were recorded with a high-impedance digital multimeter (Fluke True RMS multimeter, 50 MW input impedance). To examine both spatial and temporal responses within the columns, we performed three sets of measurements: (a) left coiled electrode (C1) as reference while measuring on Electrodes 1 to 6, (b) right coiled electrode (C2) as reference while measuring on Electrodes 1 to 6 and (c) gradient measurements on pairs of electrodes (1 -2, 2 -3, 3 -4, 4 -5, 5 -6) using the first electrode of each pair as the reference. In all cases the reference was connected to the negative terminal of the voltmeter (Figure 1 ). Note that, with this configuration, a negative open-cell potential is measured when the cathodic reaction occurs on the ''reference'' located in a region of relatively lower bisufide ion concentration (the polarity being reversed when the reference is at a point of higher bisufide ion concentration). The estimated error in electrodic potentials is ±3 mv based on maximum variations observed during the 5 d of baseline data.
Spectral Induced Polarization Modeling
[20] For the Cole-Cole modeling [Cole and Cole, 1941] , we used an algorithm that employed a least squares ap-proach with Marquardt regularization [Kemna, 2000] based on equation (3). We recognize that Cole-Cole parameter estimation based on the minimization of a cost function using a least squares criterion is uncertain and may find local minima in the objective function. Bayesian approaches have recently been shown to provide a better approach to Cole-Cole parameter estimation [Ghorbani et al., 2007] . However, analysis of parameter uncertainty suggested that t is a well resolved parameter in our modeling (estimated variances being less than 8% of the parameter estimate) although the variances of the other parameters is considerably greater.
[21] Empirical relations show that these Cole-Cole model parameters are related to pore and grain geometric characteristics [Kemna, 2000; Scott and Barker, 2003; Binley et al., 2005] . However, we stress that this is a phenomenological model and the physicochemical significance of the estimated parameters is therefore uncertain [Dias, 2000] . Among the four electrical parameters (r 0 , t, m, and c) that define the dispersion between the lower and upper frequency limits, the time constant (t) is often the most well resolved parameter [Binley et al., 2005] . The t describes the dominant relaxation time and increases with pore or grain size [Schwarz, 1962; Pelton et al., 1978; Wong, 1979; Olhoeft, 1985; Scott and Barker, 2003; Slater et al., 2005] whereas the polarization magnitude, best defined by the normalized chargeability (m n = m/r 0 ) [Lesmes and Frye, 2001] , shows a near linear dependence on the interfacial surface area to pore volume (S p ) . Here we estimate the spatiotemporal variation in an equivalent polarizable sphere diameter (d), and S p of biomineral phase, using the following relations,
where D is the surface ionic diffusion coefficient. Equation (8) ) given by Tarasov and Titov [2007] obtained from SIP measurements on sands similar to ours with a well defined, narrow grain size distribution. The S p calculation (equation (9)) is based on a strong empirical relationship established from the fit of a Cole-Cole model to geoelectrical data obtained for magnetite (Fe 3 O 4 ) and zero valent iron (Fe 0 ) mixtures .
Results
[22] All results reported here are for Column EC1. Column EC2 showed comparable geochemical and geophysical changes during the first 21 d of the experiment prior to its termination, but for brevity, these changes are not detailed here. The aqueous chemistry (lactate, sulfate, acetate, and total sulfide) during the experiment is summarized in Figure 2a . During the anaerobic transition (first evident in the aqueous geochemistry on Day 9), sulfate and lactate concentration started to drop concurrent with the development of an electrodic potential signal (see details in [23] Electrodic potentials are shown in Figure 2b ; a more detailed view of the anaerobic and aerobic transitions is given in Figures 3a and 3b , respectively. For brevity, only the electrodic potential values for measurements made using C1 as the reference are presented here since similar values are recorded with C2 as the reference. Gradient electrodic potential measurements provided little additional information because the electrodes were close to each other and because the HS À concentrations between the electrodes were similar (electrodic potentials were thus small). Prior to inoculation, potential values were stable and no significant change was recorded (À1 ± 3 mV). On Day 10 the electrodic potentials started dropping ($ À90 mV) near the inoculation point (Electrodes 3 and 4). These electrodic responses coincide with aqueous geochemistry changes as described previously, as well as visual evidence of black precipitate formation (interpreted as microbial-induced iron sulfide according to equations (7) and (8)). Electrodic potentials continued to decrease, reaching À634 mV on Day 16 for electrodes 3 and 4. Similar strongly negative electrodic potentials developed at other electrodes during the anaerobic transition, but at later times, consistent with expansion of precipitate toward the column edges. The order in the onset of the electrodic potential is clear in Figure 3a [24] Post-experimental destructive sampling (Day 55) and SEM imaging verified the presence of biominerals (iron sulfide encrusted bacterial cell surfaces) and iron sulfide biofilm formations (mass of biominerals attached on quartz grain) ( Figure 5 ). The SEM imaging revealed visual evidence for iron sulfide precipitates encrusted on biominerals (Figure 5a) , as well as evidence of mineralized biofilms coating sand grains (Figure 5c ). The iron sulfide encrusted cells show the characteristic curved, rod-like shape of D. vulgaris with an average size (based on the dimensions of three cells captured in three images) of 0.44 ± 0.06 mm and 1.93 ± 0.15 mm in the short and long axis radius, respectively. The supporting EDX analysis conclusively confirmed the presence of iron sulfide in solid state, as expected from equations (5) and (6).
[25] The observed microbial-mineral transformations resulted in significant SIP signatures in agreement with previous results . Figure 6 plots the response observed at all three column locations for six times (Days 17, 19, 22, 36, 37 and 40) . Note that the data are truncated where the f values are less than the instrument accuracy (0.1 mrad). Prior to Day 14 no significant SIP responses were recorded; all measurements lie close to the instrument accuracy (0.1 mrad). The initial lack of an SIP response in the presence of significant electrodic potentials indicative of dissolved sulfide production most likely reflects this limited SIP measurement sensitivity. Between Days 14 and 36 (end of anaerobic phase), a gradual increase was observed in magnitude of f and shift of f peak to higher frequencies ( Figure 6 ). The spatiotemporal variability of the SIP responses is not perfectly correlated with the observed iron sulfide precipitation. Although all electrode pairs show the same pattern (and similar shifts in frequency of the f peak), the f magnitudes are different with higher f values presumably [26] This apparent discrepancy between the location of the initial largest phase shift and initial visible precipitate formation can be explained by the fact that the SIP signal primarily depends on the interfacial surface area of biominerals in contact with pore fluid whereas visible precipitation is indicative of localized, dense coagulations of iron sulfide precipitates presenting reduced interfacial surface area for polarization . The equivalent f in other parts of the column was $3 mrads for Pair 3-4, and $1 mrad for Pair 1 -2. The f continued to increase until Day 36 (end of the anaerobic phase), reaching a peak value of $10 mrads for Pair 5-6. The equivalent phase shifts were 3 mrads for both Pair 3 -4 and Pair 1 -2 (Figures 6a -6d) . Thereafter, during the aerobic transition, these phase shifts consistently decreased (Figures 6e and 6f) , approaching initial (pre-inoculation) values.
[27] The microbial sulfide-mineral transformation resulted in the development of a relatively steep (Cole-Cole c parameter mostly >0.5) dispersive relaxation. The ColeCole model parameters along with goodness of fit for all data sets (RMS error between model and data, mostly <5%) are summarized in Table 1 . Figure 7 illustrates examples of Cole-Cole fits of selected data sets from the three column positions. The modeling fits the f data well, although the magnitude (jrj) data are poorly fit below $0.5 Hz. However, we consider the fits remarkably good given the small phase peaks. Cole-Cole modeling of SIP data is normally performed on dispersions where the phase peak is an order of magnitude (or more) greater than what we measure here. Figure 8 shows the variations in the geoelectrical estimates of d and S p obtained from applications of equations (8) and (9). The estimated S p values fall between 0.03 mm and 0.30 mm and exhibit a temporal variability that is consistent with biomineral formation and dissolution (as we elaborate on in the Discussion section). The highest value (0.29 mm) corresponds to the end of the anaerobic phase (Day 36) in the vicinity of Pair 5 -6.
[28] Similarly, the variation in polarizable sphere diameter (d) (from 0.03 mm to 0.12 mm) correlates well with biomineralization evolution as a function of time. Consistent with the actual data (Figure 6 ), the SIP signature generated during biomineral formation under the anaerobic transition appears mostly reversible during the aerobic transition. With the onset of this transition, the estimated S p values show a gradual decrease indicative of the reversible character of the SIP response as a function of time. However, the S p values for Pair 5 -6 remain relatively elevated until the end of the experiment, suggesting that the process was not fully reversible within the timeframe of Here r 0 (W . m) = resistivity, m (dimensionless) = chargeability, t (s) = time constant), and m n (Â10 À3 S/m) = polarization strength, RMS (% error between model and data) = Root Mean Square.
this experiment. This is consistent with the SEM data that were collected at the end of the experiment showing evidence of remaining biominerals on the grain surface ( Figure 5 ).
Discussion
[29] The aqueous geochemistry measurements, solidphase analysis and visual observations of the column color changes provide strong evidence that we were successful in generating (a) an anaerobic transition promoting biomineral formation, and (b) a subsequent aerobic transition promoting biomineral dissolution. During the anaerobic transition, high concentrations of total aqueous sulfide (8.3 ± 5.4 ppm) were produced as a result of the activity of D. vulgaris as described above in equation (7). Ledin and Pedersen [1996] reported that dissimilatory sulfate reduction by bacteria is the most kinetically favorable mechanism by which sulfide is produced. Sequential peaks in sulfide concentration may reflect temporally variable, low amounts of release from other sources such as H 2 S from non-oxidative FeS leaching [Ahonen and Tuovinen, 1994] . Alternatively, these peaks may simply reflect variations in HS À concentration driven by variable flow rates. The occurrence of quasi-simultaneous iron sulfide precipitation and aqueous sulfide production was expected owing to the low solubility of iron sulfide (K sp = 10 À17.2 ). These results are supported by previous studies reporting the very low solubility of metal sulfides and rapid rates of precipitation, thus inferring their effective removal from solution even in the presence of low concentrations of H 2 S [Ingvorsen and Jorgensen, 1984; Poulson et al., 1997; Drzyzga et al., 2002] .
[30] The decline in sulfide after Day 36 can be attributed to an increase in its oxidation by oxygen, thus supporting a successful aerobic transition. Sulfide is unstable and is easily chemically oxidized under aerobic conditions, leading to sulfate production [Vanloon and Duffy, 2005] . Although sulfate remains the most stable form of the chemical oxidation of sulfide when oxygen is the primary oxidant and the pH varies from neutral to acidic [Nicholson and Scharer, 1994] , various intermediate sulfur species such as thiosulfate (S 2 O 3 2À ) and sulfite (SO 3 2À ) may occur during this process [Zehnder, 1988] . We note that S 2 O 3 2À is known to dissolve AgCl and could conceivably dissolve the electrode coating if in sufficient concentration (no visible evidence of AgCl dissolution was observed). Oxidation of iron sulfide over a $10 day period (Days 37 -47) is supported by previous laboratory studies confirming the extremely rapid rates of pyrrhotite (Fe (1Àx) S, 0.0 < x < 0.125) oxidation at atmospheric concentrations of O 2 and at 22°C, on the order of 100 times those measured for pyrite (FeS 2 ) [Nicholson and Scharer, 1994] . Partial oxidation of Fe 2+ by oxygen may also have occurred although no evidence for this reaction (e.g., decrease in solution pH or visual observations of the characteristic brownish ferric (oxy) hydroxide precipitate) was recorded.
[31] Evidence of both low levels of lactate and SO 4 2À in the system during the aerobic transition suggests that anaerobic sulfate reduction was sustained throughout the experiment. Several strains of the genus Desulfovibrio have been shown to be tolerant to low-concentrations of oxygen [Cypionka et al., 1985; Abdollahi and Wimpenny, 1990; Johnson et al., 1997] . As an aerotolerant microbe, D. vulgaris will survive in microaerophillic conditions, thus leading to continuous lactate oxidation and sulfate reduction in the system as observed here. The significant decline in acetate probably results from its consumption by both D. vulgaris and aerobic microbes that may have been unintentionally introduced into the column upon exposure to air. Contamination was extremely difficult to avoid at this stage. In fact the influent fluid was turbid (a white to pale gray color) after Day 40, an indicator of contamination by aerobic bacteria. Both aerobic microorganisms and cells of D. vulgaris probably therefore co-existed during this transition. The increase of total sulfide after Day 48 suggests a possible gradual return to an anaerobic state that further stimulated the activity of D. vulgaris cells. It is plausible that aerobic microbes, in the search for oxygen, chemotactically moved toward the fluid inlet at the column center, favoring anoxic conditions inside the column by consuming the available oxygen. Such chemotactic movement of microbes in the direction of elevated electron acceptor concentration [e.g., Childers et al., 2002] and/or elevated carbon concentration is supported by the literature.
[32] One part of our work has further explored the use of a simple electrodic potential measurement utilizing AgAgCl electrodes for monitoring microbial activity [Williams et al., 2007] . These electrodic potentials are generated by the presence of HS À gradients in the column. Electrochemical reactions between HS À and the electrode surface then result from the difference in the redox state near the two electrodes making up the pair. Since the pair of electrodes is in electrolytic contact, the voltmeter wiring completes an electrical circuit. As a result of the very high input impedance of the voltmeter, the open-circuit potential or oxidation potential, representing the tendency of spontaneous reactions to proceed at the electrode surface, is recorded. Electrodic potentials were very low and stable (À1 ± 3 mV) before cell inoculation, with the first significant electrodic potential anomaly ($ À90 mV) occurring near the inoculation point concomitantly with the first visible observation of black precipitates in the same part of the column. The most negative electrodic potentials were observed to coincide with Pair (3 -4), which straddled the largest gradients in iron sulfide precipitation inferred from visible observations (Figure 4) . The fact that the most negative potentials did not coincide with the maximum f anomalies (recorded on Pair 5 -6) is attributed to the SIP dependence on the geometry of the biomineralization, with higher SIP anomalies favored by more dispersive biomineralization (resulting in high interfacial area) rather than localized intense precipitation Williams et al., 2005] .
[33] The sign of the electrodic potential during the anaerobic and aerobic transitions results from the polarity of the electrodes at the voltmeter (i.e., negative or positive terminal) relative to the direction of the HS À gradient. During Days 10-18 (anaerobic transition), the negative connection was in a relatively HS À deficient zone whereas during Days 37 -48 it was in a zone of elevated HS À compared to the now relatively oxygenated center of the column. During this aerobic transition, positive electrodic potentials (up to 292 mV at Day 47) coincide with visible evidence of extensive iron sulfide dissolution that will locally increase hydrogen sulfide in solution. We emphasize that these measurements are not dependent on the HS À concentration itself, but rather the gradient in HS À between the electrode locations. During Days 19 -36 (anaerobic conditions and high HS À , Figure 2a ) electrodic potentials are low, indicative of a homogeneous distribution of HS À within the column. The spatiotemporal variability in the electrodic potentials can then be interpreted in terms of spatiotemporal variability in HS À within the column, in turn driven by the spatiotemporal distribution in the microbial community and resulting microbial activity.
[34] We attribute and model the SIP response as an enhancement in interfacial polarization caused by the actual biomineralization itself. The recorded changes in f magnitude and relaxation peak are diagnostic of biomineral formation. The initial relaxations (Figure 6a ) developed almost simultaneously with visible early stage dispersive precipitate formation indicating iron sulfide formation in the column. The largest f spectra for all pairs of electrodes occurred at the end of the anaerobic phase. SIP signatures are thus consistent with dispersive iron sulfide precipitation as a result of microbial activity as described by equations (6) and (7).
[35] Based on electrochemical theory (equation (8)), the time constants are inconsistent with the measured relaxation resulting from the interfacial polarization of the biominerally encrusted cells themselves (Figure 5a ). The diameter of the polarizable spheres predicted from equation (8) varies from 0.03 to 0.1 mm whereas the cells are only 1.93 ± 0.15 mm in the long-axis. The predicted diameter is instead on the same order of magnitude as the grain size (d 50 = 0.3 mm) of the sand used. However, soils and rocks are different to colloidal suspensions in that the polarization length scale is likely associated with the pore diameter as the charge redistribution is limited by zones of reduced ionic mobility associated with constrictions in pore throats [e.g., Titov et al., 2002] . This explanation is supported by strong empirical relations between t and pore diameter in consolidated sandstone [e.g., Scott and Barker, 2003] . SEM images show evidence of iron sulfide precipitates on cell surfaces forming biominerals and encrusting quartz grains ( Figure 5c ). As biofilms/biominerals accumulated, we assume that the pores and pore throats were progressively lined with polarizable biominerals thereby promoting the dependence of t on pore diameter. However, it is unlikely that pore throats were completely blocked by extensive iron sulfide biomineralization in our system since the flow rate exhibited no significant changes (133.6 ± 7.4 ml/day) during the anaerobic phase.
[36] We have assumed that the increase in specific surface area to pore volume (S p ) of the polarizable biomineral phase of the column causes the increase in polarization magnitude (m n ) during biomineral formation. We estimated S p (equation (9)) based on previous findings that suggested a single, near-linear dependence of m n on S p for both Fe 0 and magnetite (Fe 3 O 4 ) . The assumption of a similar relationship for iron sulfide is in part justified by the fact that previous studies found that the interfacial polarizability of iron minerals was not significantly dependent on mineralogy, with Fe 0 and Fe 3 O 4 showing an identical dependence of m n on S p . We infer that the increase in S p and decrease in d thus results from the overall pore size reduction (Figure 8 ) and pore throat clogging associated with biomineral growth and accumulation during the anaerobic transition. The reverse behavior (decrease in S p and increase in d) is observed during the aerobic transition and attributed to biomineral dissolution/ detachment from quartz grains and subsequent pore expansion. Peaks in interfacial polarization have previously been shown to correlate with attachment of microbial cells and biofilms to mineral grain surfaces [Davis et al., 2006] .
[37] The variability in estimated S p , (Figure 6 ) with Pair 5-6 having the highest values, followed by Pair 3 -4, and Pair 1 -2, is assumed to reflect variable amounts of biomineralization occurring within the column. We note that the part of the column straddled by Pair 5-6 (highest f) is where the most pronounced dispersive iron sulfide mineralization occurred. The fact that the column appeared visibly blacker in parts around electrode Pair 3 -4 (Figure 4b ) may reflect localized high density, vein-like precipitation (of reduced S p ) partly driven by preferential flow paths arising where the growth medium first entered the column. During certain times of the experiment, flow was measurably greater toward one outflow, despite efforts that were made to maintain a similar outflow from both ends of the column.
[38] We suggest here that SIP measurements could be used to monitor field scale biomineralization processes. Indeed, very recent studies have illustrated the utility of surface-based SIP data sets for tracking biogeochemical processes in the subsurface at the field scale. Williams et al. [2007b] collected IP data sets at three frequencies (0.125, 1, 10 Hz) along 30 m surface transects at a Department of Energy uranium-contaminated aquifer near Rifle, Colorado. The geophysical data were collected in conjunction with groundwater and sediment geochemical data prior and subsequent to a biostimulation experiment. The time-lapse geophysical data revealed the development of a phase anomaly in the saturated injection zone ($3 -8 m below ground surface), where differences in phase relative to baseline conditions of up to $12 mrad were detected. Comparison of the time-lapse geophysical and geochemical data suggested that the evolution of the phase anomaly coincided over space and time with aqueous and mineralogical changes associated with iron and sulfate reducing processes related to this biostimulation process.
Conclusions
[39] We have demonstrated how SIP measurements, supported by electrodic potentials on Ag-AgCl electrodes, can both be used to monitor microbially stimulated sulfide transformations. Unique geoelectrical signatures were generated as a consequence of iron sulfide biomineralization during the anaerobic state, and were generally reversible when the system returned to aerobic conditions. Whereas the electrodic potential provides a measure of HS À concentration gradients generated by microbial sulfate reduction, the SIP measurements are a direct response to the formation and dissolution of polarizable biominerals. We have shown how phenomenological relaxation modeling, in conjunction with published theoretical and empirical relations, can be used to interpret changes in pore structure (surface area to pore volume and pore diameter) as a result of biomineralization transformations. Whereas the electrodic potential method can only detect processes local to the electrode surface (e.g., in boreholes), the SIP method could potentially be used to image biomineralization transformations occurring in a volume of the earth bounded by electrodes. The potential exists to employ these two methods in parallel for the in situ monitoring of bioremediation, such as for sequestration of heavy metals in the subsurface as metal sulfide precipitates at the field scale.
